The bacterium Bacillus subtilis produces the molecule surfactin, which is known to enhance the spreading of multicellular colonies on nutrient substrates by lowering the surface tension of the surrounding fluid, and to aid in the formation of aerial structures. Here we present experiments and a mathematical model that demonstrate how the differential accumulation rates induced by the geometry of the bacterial film give rise to surfactant waves. The spreading flux increases with increasing biofilm viscosity. Community associations are known to protect bacterial populations from environmental challenges such as predation, heat, or chemical stresses, and enable digestion of a broader range of nutritive sources. This study provides evidence of enhanced dispersal through cooperative motility, and points to nonintuitive methods for controlling the spread of biofilms.
B
acteria bind to surfaces and to liquid-air interfaces to form biofilms, thick mats of cells cemented together by exopolysaccharides. Biofilms endow pathogenic bacteria with enhanced virulence and resistance to antibiotics. Although many recent studies have focused on the adhesins that bind bacteria to each other and to abiotic substrates (1-3) and on the signaling pathways that initiate biofilm growth (4, 5) , very little is known about the physical processes by which these colonies spread over or between nutrient sources. Previous studies have highlighted the role of individual cell motility and of passive processes such as the advection of cell aggregates in propagating biofilms (6) , but such propagative mechanisms depend on dispersive fluid flows. In addition to being implicated in the development of aerial structures (7) , in antagonistic interactions between colonies of different bacterial species (8) the biosurfactant surfactin is known to be necessary for the spreading of colonies of Bacillus subtilis in the absence of external fluid flows (9, 10) . However, the physical consequences of the surfactant-like behavior of surfactin on the spreading of biofilms remains unknown.
Here we show that gradients in the concentration of surfactin by cells in a liquid pellicle generates surface-tension gradients that drive cooperative spreading. The essential mechanism of surface-tension gradient-driven spreading is similar to the forced spreading of a thin film due to surface-tension gradients induced by temperature gradients (11, 12) or by exogenous surfactants (13, 14) .
In the present context, a surface-tension gradient develops because of the geometry of the bacterial biofilm: The bacterial pellicle is thinner at the edge than at the center. The surfactin produced by every cell moves rapidly to the air-fluid film interface, locally reducing the surface tension. Assuming the surfactin production rate is identical for each cell, the concentration of surfactant is greater at the center of the pellicle than at the edge, which results in a gradient in surface tension that drags the film outward, away from the center of the pellicle. The gradient is selfsustained during spreading by a balance between the rate at which the clean interface is created at the advancing front of the film and the rate of surfactant supply from the center of the pellicle.
To demonstrate the mechanism of collective spreading, we first describe experiments quantifying the cooperative spreading in B. subtilis pellicles, including both the rate of spreading and a direct measurement of the decrease in surface tension below the center of the pellicle. We then present a mathematical model that quantitatively explains the observed spreading-both the shape of the spreading front and its velocity. The model predicts how quantities under the control of individual cells (surfactin-production rate, and biofilm rheology) control the collective motion of the biofilm. Finally, we rule out individual cell motility as the cause of the spreading by demonstrating that whereas the B. subtilis flagella mutant hag − does exhibit collective spreading, the surfactin mutant srfAA − does not.
Results
To expose the underlying physics of cooperative spreading, we consider a primitive spreading scenario, in which bacteria move up an inclined nonnutritive boundary. The development of a thin climbing film at the periphery of a young B. subtilis pellicle grown in a conical vessel partially filled with liquid medium is shown in Fig. 1 . Bacteria introduced into the liquid culture in a planktonic state initially multiply and swim freely. After the oxygen in the medium is depleted, the bacteria swim or diffuse to the free surface, forming a biofilm of tightly packed cells. Approximately 12 hours after the first appearance of a pellicle of cells, a thin film of bacteria-laden fluid is dragged up the walls of the conical vessel. The speed of wall climbing is sensitive to environmental conditions but typically exceeds mm/hr, comparable with the rapid spreading of colonies due to swarming motility (15) . The time dependence of the height of the biofilm as it climbs the wall is shown in Fig. 2A .
To demonstrate that coordinated surfactin expression drives spreading, we directly monitor the levels of surfactant by placing a 0.87-mm capillary tube near the base of the climbing film (Fig. 2B) . The bottom end of the capillary is sealed with a dialysis membrane, which allows the nutrient medium and surfactin molecules to enter the capillary but prevents bacteria from entering. The rise height of fluid within the tube (h r ) can be related to the surface tension (γ) by balancing capillary and hydrostatic pressures below the interface:
where ρg is the weight/m 3 of the liquid medium and θ is the contact angle for liquid in the tube (16) . Adsorption of surfactant to the liquid-air interface decreases γ and causes the fluid column to fall, leaving a thin film on the inside of the tube so that θ ≈ 0. We measure the starting height h r = 2.445 cm, implying γ = γ 0 ≡ 53 mN/m. During the subsequent initial spreading, the height drops at the rateḣ r = 0.87 μm/hr, implying The experiments demonstrate that the bacterial spreading occurs simultaneously with a drop in the surface tension. We now proceed to understand how the speed U and the thickness of the film h ∞ of the climbing bacterial film are set by the individual bacteria. Individual bacteria can control the rate of surfactin production as well as effective parameters, such as the viscosity η of the film, by modulating cell density or excreting the extracellular matrix.
We model the mixture of water and bacteria in the climbing film as a viscous Newtonian fluid with density ρ, viscosity η, and surface tension γ 0 . This is an accurate description as long as exopolysaccharide (EPS) concentrations are low enough or spreading time scales are long enough that elastic stresses within the biofilm do not hinder its expansion (18) . We assume that bacteria are uniformly dispersed through the film, so that the rate of surfactin accumulation at the film surface,Ċ, is controlled entirely by the local thickness. Surfactin production modifies the surface tension according to the equation of state γ = γ 0 (1 − c), where c(x, t) is the local interfacial surfactin concentration, measured in activity units; this equation of state is valid because the surfactin concentrations in experiments during the stages of wall climbing considered here remain well below the critical micelle concentration.
Because the thickness of the climbing film, h(x, t), is much smaller than the characteristic scale over which it varies, the dynamical Navier-Stokes equations reduce to the Reynolds' evolution equations for the film thickness h(x, t) and c(x, t) (19, 20) :
Here the interfacial curvature
and h xx ≡ ∂ 2 h ∂x 2 , g is the gravitational acceleration, and α is the inclination angle of the wall. Because any surfactant produced in the film is rapidly adsorbed to the interface, we assume that the rate of interfacial surfactant accumulationĊ depends only on the thickness.
Our direct measurements show that the accumulation rate asymptotes to a constant value within the colony. This cutoff is suggestive of regulation of surfactant production, either by a quorum-sensing mechanism that down-regulates surfactant expression within very dense colonies (21) or in colonies that exceed a critical thickness (22) , or by localization of surfactant expression to cells that are close to the interface (23) . In order to emulate this behavior, we setĊ =Ċ 0 for sufficiently thick regions h > h max . There is no production of surfactant within regions of film that are too thin to contain bacteria. We therefore introduce a cut-offĊ = 0 if h < h min . We smoothly interpolate between the two limits by using a half cosine. The observed spreading behavior is quite insensitive to the values of these bounds; in what follows, we take h max = 0.32 mm and h min = 2 μm.
To quantitatively compare with experiments, we must determine the viscosity of the climbing biofilm. Although many viscometric measurements have been made for biofilms grown on solid substrates (6, 24, 25) , the mechanical properties of biofilms formed at air-liquid interfaces are comparatively less well characterized. We expect the two types of biofilm to have very different viscosities. The viscosity of biofilms on solid surfaces is dominated by the excretion of the extracellular matrix, but we imaged expression of EPS by using fluorescent reporter strains from ref. 23 and found that there is, initially, no EPS expression in the climbing biofilm (see Fig. S1 ). This finding means that the viscosity in the climbing film is determined entirely by steric interactions between the tightly packed bacteria and by the cell density (16) . We imaged the climbing biofilm and found the cells arranged in a monolayer, with a volumetric cell density of ≈0.6 (Fig. S1 ). This finding implies a fluid viscosity of η = 0.2 Pa·s (26), which is consistent with a previous measurement for a biofilm grown at an air-liquid interface (27) .
We solve Eq. 2 on a one-dimensional mesh by using secondorder centered finite differences to approximate the surface tension and Marangoni stress terms and upwinding for the gravitational term, and integrating forward in time by using the Matlab (Mathworks) implicit solver ode15s. We include the full expression for the capillary pressure in order to match the thin climbing film to a static meniscus, which becomes asymptotically flat at x = 0, and locate this static interface by solving the time-steady version of the equation (h t = c t = 0) by the shooting method (28) . We regularize the dynamics of the moving contact line by assuming the wall to be wet by a very thin precursor film of thickness b = 0.1 μm (29, 30) .
The numerical solutions to these equations starting from a clean meniscus are shown in Fig. 3 , for parameters corresponding to the experimentally measured surfactant production rate, inclination angle α, and initial surface tension γ 0 . The model predicts that a thin film of bacteria with a thickened capillary rim advances up the wall at a constant rate (Fig. 3A) . The inset in Fig. 3A shows the entire pellicle, whereas the main figure shows a blown-up version near the contact line. The climbing film is supported against surface-tension forces by an almost uniform surface-tension gradient, which is maintained by a continual supply of surfactant from the pellicle (Fig. 3C) . The main climbing bacterial film is also preceded by a precursor film of much smaller thickness 2b, which is supported by an almost uniform surface-tension gradient.
Scaling Analysis. The bacteria surf up the wall on self-generated surface-tension waves. The rate of spreading U and the thickness of the climbing bacterial film h ∞ depend on the two properties that individual cells have under their direct control throughout the pellicle: the rate of surfactant expression and the viscosity.
To analyze this relationship, we predict these dependencies by using a scaling analysis. Let us assume that the climbing film with thickness h ∞ and spreading velocity U is supported by a surfacetension gradient τ ∞ . The surface-tension gradient in the climbing film is balanced by viscous stresses, so that
Within the static meniscus, the forces that balance are surfacetension and gravitational forces: These forces require that the radius of curvature of the meniscus is given by the capillary length
To complete the analysis, we must analyze the region that matches the static meniscus to the moving film. First, following Landau and Levich (31) 
[4]
By combining Eqs. 3 and 4, we can solve for h ∞ and U; we obtain (32)
where the prefactor a τ depends on the distance that the Marangoni stress extends below the equilibrium rise height of the film. In our model, this length scale is determined by h max , the film thickness above which the surfactant production is constant and is independent of h min -the thickness that the film must exceed for surfactant production to start. This scaling law is verified with our simulations in Fig. 3D ; a fit to the scaling law implies a τ = 3.57. The different symbols collapsing in the figure are for various h min = 0.25, 2, 20 μm. This collapse demonstrates that the wall-climbing phenotype described here is independent of the film thickness at which surfactin production commences. The gradient upon which the bacteria surf is therefore created by the static meniscus and does not either require or apparently utilize any nonlinear quorum-sensing mechanism in the film. We calculate U and h ∞ in terms of the surfactin production rate itself. The surface tension gradient can be expressed as τ ∞ = −dγ/dx = γ 0Ċ0 /U. Substituting this expression into Eq. 5 then gives
Angelini et al. where the constants a h = 1.63 and a U = 0.46 can be determined from a similarity solution of the governing equations (see Materials and Methods). Eqs. 6 and 7 demonstrate that the thickness and speed of the climbing film depend in a nonlinear fashion on quantities that individual cells can control, the surfactin production rate and the biofilm viscosity.
Comparisons with Experiments. The simulations (Fig. 3A) predict that the shape of the climbing bacterial film has a characteristic bump in thickness at its edge, similar to that previously observed in thin film fluid flows driven by uniform surface tension gradients (14, 32) . Strikingly, this characteristic bump is also observed in our measurements of the thickness profile of the climbing bacterial film (Fig. 3B) , obtained by relative transmission intensities. The predicted thickness of the climbing film is h ∞ ≈ 1 μm. Although we cannot directly measure the thickness, the fact that the climbing film is a monolayer (Fig. S1 ) is quite consistent with this prediction. The speed of advance and the film shape agree quite well with experimental observations. Inputting the directly measured value ofĊ 0 , the predicted speed of advance is U ≈ 0.4 mm/hr, compared with the experimental measurement of 1.4 mm/hr (Fig. 2C) . The model's underprediction of the climbing rate likely results either from uncertainty in the true viscosity of the biofilm or from unmodeled effects of spatial variations in biofilm viscosity: We expect the bacteria to spread more rapidly if the viscosity at the edges is less than the viscosity at the center. The predicted scaling of biofilm thickness with viscosity h ∞ ∼ η 1/2 , naturally explains the observed 12-hour delay between the onset of surfactant expression and the beginning of wall climbing. For the climbing film to transport bacteria, the film thickness must exceed the thickness of a monolayer of bacteria (≈0.5 μm), requiring that η 0.1 Pa·s. The viscosity of the bacterial pellicle increases with cell density and with the concentration of extracellular polymers expressed by the cells, and we identify the delay with the waiting time for this critical viscosity to be be reached. This mechanical thresholding intimately ties Marangoni motility to cell density, both directly, and indirectly through the quorum-sensing pathways that mediate EPS expression (22, 33) .
Finally, we note that the flux of bacteria Uh ∞ ∼ 9/4 cĊ 5/4 0 (η/γ 0 ) 1/4 , so that the flux actually increases with the viscosity of the bacteria-laden film. This behavior is in contrast to the swimming of individual cells, which typically slows as viscosity is increased (34) .
The one gross contradiction between the mathematical model and the experiments is that experimentally the colony stops spreading several hours before surfactant stops being supplied to the interface. We attribute this stoppage to a change of phase at the colony edges: Simultaneous with their expression of surfactin, cells also produce a matrix of EPS which binds cells together (17) . Once all cells in the colony periphery are tightly bound by this matrix, spreading is arrested. Note, however, that secondary traveling bands propagate up the wall for as long as surfactant is produced within the colony (Fig. 2A) . Evidently, surfactant gradients continue to drive a thinner layer of fluid, which may or may not contain cells, from under the pellicle of tightly bound cells. When surfactant expression ceases, spreading of these secondary bands stops. Our measurements show that the surface tension then starts to increase, signalling either desorption of surfactant from the interface or that the entire colony has gelled (Fig. 2C) .
Surfactin Mutants Do Not Exhibit Collective Spreading. The collective spreading of the bacterial pellicles that we have described here cannot be attributed to conventional motility, such as individual swarming or swimming (15) . To confirm that the motility mechanism described here is independent of mechanisms previously described, we repeated the experiment with two mutant strains. srfAA − bacteria do not express surfactin and do not exhibit wall climbing (Fig. 4) . In contrast, hag − bacteria do not have flagella, Fig. 4 . Bacterial spreading rate in WT (black squares), srfAA − (surfactin knockout, green triangles) and hag − (flagellum knockout, red circles) bacteria. Both WT and mobility mutant bacteria exhibit wall climbing. Knocking out surfactin destroys the ability of the bacterial pellicle to collectively climb the wall, confirming that Marangoni stresses drive pellicle expansion, and that surfactin gradients are responsible for these stresses.
and so can not swim, but retain the surfactin-expression pathway. Strikingly, these mutants climb the wall as readily as swimming strains (Fig. 4) .
Discussion
We have presented evidence for cooperative spreading of bacterial pellicles. In contrast to previously described dispersal mechanisms, dispersal by Marangoni waves increases as the viscosity of the bacterial pellicle is increased. This discovery suggests nonintuitive strategies for controlling the spreading of biofilms. Biosurfactant coatings are already known to limit biofilm growth in some circumstances, but the effect has previously been attributed to their inferred antibiotic action (35) . Inhibition of Marangoni waves provides an alternative physical explanation for the retardation of spreading. Coating the wall with surfactant increases its wettability but may nonetheless make it harder to climb by saturating the interface of the rising film or even imposing a Marangoni stress that opposes the surfactant wave generated by the bacteria. The cooperative basis of this form of dispersal also merits further scrutiny-our simulations show that the cells that surf the Marangoni wave do not themselves need to produce surfactant, so that cells in the center may find themselves paying the entire fitness cost of expressing surfactant without enjoying access to new substrates. Marangoni motility may therefore provide a new paradigm for studying the evolutionary stability of a costly form of cell-to-cell cooperation with nontargeted benefits.
Materials and Methods
Bacterial Strains and Growth. To grow the biofilm pellicles, we adapt the protocols in ref. 7 . Strain 3610 B. subtilis cells are streaked from a −80
• C freezer stock onto an LB medium plate, 1.5% agar. The plates are incubated at 37
• C for twelve hours. Three milliliters of LB liquid medium is inoculated with cells from an isolated colony on the plate. The inoculated LB medium is incubated on a shaker at 37
• C for three hours, when the optical density of the bacteria solution is approximately 0.6. Forty microliters of the bacteria solution is added to 4 mL of minimal salts glycerol glutamate medium (7) in a APPLIED MATHEMATICS MICROBIOLOGY sterile conical vessel. The vessel is covered and placed in a humidified chamber, maintained at a temperature of 30
• C. Images are collected for several days at a frame rate of once per five minutes and postprocessed with custom software. The knockout strains are also B. subtilis 3610 with srfAA::mls and hag::tet mutations.
Similarity Analysis. To find the dimensionless coefficients in Eqs. 6 and 7, we write Reynolds' equations in similarity form h(x, t) = h ∞ H(ξ, T ), c(x, t) = (ċ ∞ /U)TC(ξ, T ), where ξ = X/T is our similarity variable, and T = Ut/ , and X = (x − √ 2 c )/ are the dimensionless counterparts to t and x (20) . Both gravitational forces and surfactin expression within the thin film is negligible: The Marangoni wave is maintained by surfactant supplied to the film from the pellicle itself. The resulting equations are then integrated numerically subject to boundary conditions C = 0, H = b as ξ → ∞, and C = 1 at ξ = 0. A final constraint arises from the requirement of compatibility of shear stress and film thickness where the film meets the static meniscus: H ∞ = a τ (∂C/∂ξ) 2 . We obtain a τ = 3.57 from our simulations (Fig. 3C) ; self-generated Marangoni waves therefore produce films 25% thinner than imposed uniform surface stresses (36) . We evolve the equations to late times by using similar numerical routines to Eq. 2, and obtain for the coefficients a h = 1.63 and a U = 0.46 from the thickness of the climbing film at ξ = 0 and location of the capillary ridge respectively.
